Abstract
Introduction

38
The eukaryotic ribosome is an ancient and conserved protein synthesis machine that translates 39 messenger RNAs into proteins. The yeast ribosome consists of four ribosomal RNAs (rRNAs) and 79 40 proteins (r-proteins) [1] . The biogenesis and assembly of a ribosome requires 76 different small 41 nucleolar RNAs, more than 200 assembly factors, in addition to the r-ribosomal proteins [2] . This
4
We previously demonstrated [11, 15] that precise estimation of the time of a gene expression peak
74
(timing of expression) is possible if the temporal profiles of the genes are produced by a process 75 common for all the genes in question. In such cases, a model-based approach in gene expression 76 time estimation will result in a resolution much higher than the resolution of the source data. This can 77 be achieved because the method optimally uses the available prior information, and the timing is 78 inferred from many independent measurements, reducing the impact of experimental errors. As a 79 result, a correlation between the times of gene expression and the order of assembly was suggested 80 in several macromolecular complexes [11] . The mRNA levels and expression times of may be tightly 81 controlled during ribosome biogenesis. Their temporal expression profiles for most ribosomal genes 82 are expected to be similar, however differences may exist that reflect the temporal order of expression.
83
To investigate the expression timeline of ribosomal and ribosome-associated genes, we use the 84 expression profiles during the yeast metabolic cycle (YMC). We chose this dataset because in this 85 system the ribosome production is strongly and reproducibly regulated as a function of time [23, 24] . 
100
Recent advances in structural biology have allowed crystallographic determination of structures of 101 large macromolecular complexes, including bacterial [31] , yeast [1] , and human cytosolic ribosomes 102 5
[32], as well as mitochondrial ribosomes of both human and yeast [33, 34] . This made it possible to 103 study the association between ribosome structure and its function and assembly [35] . To investigate 104 whether the expression timeline of r-protein genes is associated with their ribosome assembly, we 105 analyzed the timing results in the context of the crystallographic structure of the yeast 80S ribosome 106 [1] . We studied the relationship between r-protein expression timing and the position of the mass 107 center of the protein within the yeast 80S ribosome [1] . The rationale is that the r-proteins may have a 108 spatial constraint for their neighboring r-protein, and that if the precise timeline of ribosomal protein 
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Results
126
Model-based timing of expression peaks
127
We have implemented an algorithm for inferring the precise times of gene expression (see Methods).
128
Our approach is based on the assumption that the genes have similar temporal expression profiles, dependency relationships were observed (see Table 1B ). One interpretation is that association 
289
HMG1 and HMG2), and CG rich motifs (S4 Table) .
291 14
For every motif, we compared the timing of genes with the motif, and genes without the motif, using 292 both t-test and Wilcoxon rank sum test. For each motif, we also calculated the correlation between 293 time of expression and distance between motif in 5'UTR and start of the coding sequence.
295
The well-known RAP1 motif that regulates r-protein gene expression is found in the 5'UTR of most
296
(precisely 109 out of 187) of the timed genes coding for ribosomal and ribosome-associated proteins.
297
Genes with the RAP1 motif were expressed significantly earlier than genes without this element (P = (Table 3 ). In addition to the positive correlation, a negative correlation was observed between the 307 motif locations and expression peak times for the GAAAGAAA (A-rich [6]) motif (2 nd row in Table 3 ).
308
While these observed correlations do not prove that the motifs are directly involved in controlling the 309 timeline of expression, our results are consistent with the hypothesis that the timing of ribosomal
310
genes is functional at least in certain conditions and the significant motifs identified here are involved 311 in the process.
313
Specifically, the correlation between expression time and distance from motif to coding sequence may
314
suggest that a mechanism may be involved that translates the distance to expression time.
315
Alternatively, delaying expression of a ribosomal gene may be caused by the presence of additional 316 elements between the RAP1 motif and the 5' end of the coding sequence, which will have the side 317 effect of increasing the distance between RAP1 and the coding sequence. In either case, identifying 318 the mechanism and its underlying biophysical details will require further experimental studies. 
408
In summary, we have inferred a high-resolution timeline for the r-proteins. We provided evidence in
409
favor of functional relevance of the differential timing. Finally, we pointed to potential functional 410 involvements of the fine temporal compartmentalization of the r-protein gene expression, and to a 411 possible mechanism responsible for regulating the precisely timed expression.
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Materials and Methods
414
Yeast r-protein gene time-course expression profiles
415
The YMC dataset of [14, 16] has high data quality (See supplementary materials and S6 Table) 
474
Our precision estimation result shows that the timing accuracy is higher for profiles strongly correlated 
